We address the issue of model dependence of partial proton decays due to exchange of a single scalar leptoquark within a minimal viable SU (5) framework. The minimal setup predicts a flavor part of decay widths for p → π +ν and p → K +ν processes to depend solely on the known masses and mixing parameters of the quark sector and one extra phase. We accordingly establish an accurate lower limit on the mass of the scalar leptoquark in connection with the relevant experimental constraints on the matter stability. The ratio of decay widths for p → π +ν and p → K +ν channels turns out to be phase independent and predicts strong suppression of the former width with respect to the latter one. Our results offer a possibility to test the minimal scenario if and when proton decay is observed.
I. INTRODUCTION
One of the most appealing features of the Georgi-Glashow model of unification [1] is a predictive nature of the original setup. It is this very property that helped conclusively rule out the model. One problematic issue of the minimal framework is a conflict between predicted and observed fermion masses and mixing parameters. Another one is an inability of the model to accommodate unification of gauge couplings.
The predictive nature of the original Georgi-Glashow proposal is also reflected in implications it yields for the matter stability. The model predicts that all partial proton decay widths exhibit dependence on a single unitary matrix [2] that can be identified with a Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix, albeit one that contains additional diagonal unitary transformations. This result, however, is valid under an explicit assumption that neutrinos are massless particles thus allowing one to neglect the leptonic mixing altogether. Moreover, the fact that the down quark and charged lepton mass matrices are transpose of each other in the original model automatically eliminates uncertainty related to the transition from an arbitrary flavor basis to the mass eigenstate basis via appropriate unitary transformations on the matter fields. This property, unfortunately, generates erroneous predictions for the masses and mixing parameters of the quark sector.
The departure from minimality through introduction of a single additional Higgs field [3] to address experimentally observed difference between masses in the down quark and charged lepton sectors severely affects the predictive features of the original model. In particular, the flavor part of the partial decay widths for proton decay through scalar exchanges becomes dependent on a completely unknown mismatch between the relevant unitary transformations in the quark and lepton sectors [4] . To make matters worse, the number of available proton decay channels is smaller than the number of unknown parameters entering associated partial decay widths. It thus seems that even the simplest of departures from minimality spoils the predictive nature of the minimal unification scheme. * Electronic address:ilja.dorsner@ijs.si
The question we want to pursue in view of all this is whether it is possible to simultaneously fix fermion mass relations while preserving some of the flavor independence for the proton decay predictions of the minimal model. We opt for the most minimal viable extension of the original SU (5) model that accordingly has only one proton mediating scalar field.
II. THE SETUP
The charged fermion sector of SU (5), in a context of a minimal viable extension, requires use of higher-dimensional operators [5] . The most minimal set of operators that needs to be included in order to have realistic charged fermion masses is
where Λ is the cut-off scale and i, j(= 1, 2, 3) represent the family indices. The matter fields belong to 10 i = {e to be the relevant VEVs. We chose to neglect a possible VEV for electrically neutral component of an SU (2) triplet in 24. This choice does not affect the outcome of our study. We will also demonstrate that our findings will not require one to specify Λ and σ in order to generate accurate predictions.
The mass matrices for the charged matter fields, in an obvious notation, come out to be
The Georgi-Jarlskog type of correction [3] is generated by the operator of Eq. (3) that accordingly breaks unwanted degeneracy between the down quark and charged lepton sectors [5] . This renders the SU (5) setup viable with regard to observed charged fermion masses. We opt not to specify the exact mechanism of the neutrino mass generation as it does not interfere with our results. The lepton mixing matrix is also irrelevant for our study, as we show later. We also do not delve into another important issue-unification of gauge couplings-in our work. Note, however, that two successful descriptions of neutral lepton sector in SU (5) both provide a source for satisfactory unification of gauge couplings [6, 7] . We define the physical basis for the charged fermions through the following set of bi-unitary transformations:
is a diagonal matrix containing three (two) phases. In the neutrino sector we have
It is evident from Eq. (1) that M U is a symmetric matrix. This allows us to take U = U C K 0 , where K 0 is a diagonal matrix containing three phases. Of all the unknown phases in K a (a = 0, 1, 2, 3) matrices, only one will be featured in our results. It is the phase associated with the (K 0 ) 11 element. We furthermore take v(= |v|) to be real to simplify our notation. With these preliminaries out of the way we are ready to investigate the couplings of the proton decay mediating scalar in the physical basis. This we do in the next section.
III. PROTON DECAY LEPTOQUARK
There is only one color triplet scalar that contributes to proton decay. It resides in the five-dimensional scalar representation. The leading order baryon number violating dimensionsix operators due to its exchanges are [8] 
where i(= 1, 2, 3) and j, k(= 1, 2) (j + k < 4) represent flavor indices while L = (1 − γ 5 )/2. Our notation is such that, for example, d 1 (d 2 ) stands for the d (s) quark. The color contraction via the Levi-Cività tensor in the SU (3) space is understood.
operators contribute exclusively to proton decay processes with anti-neutrinos in the final state. The relevant coefficients for the p → π
For example, the relevant decay width for p → π +ν is
where α and β are the so-called nucleon matrix elements. We also introduce flavor independent constant
where F and D are extracted from relevant linear combinations that enter the form factors in semileptonic hyperon decays and nucleon axial charge [9, 10] . We take f π = 130 MeV, D = 0.80, F = 0.47 and α = −β = −0.0112 GeV 3 [10] when needed. The sum is inserted to take into account the fact that the proton decay experiments do not distinguish the neutrino flavor.
The minimal viable set of operators, as given in Eqs. (1)- (3), yields
where m represents the mass of the exchanged color triplet scalar. The form of a(
coefficients is particularly simple because the couplings of the color triplet in 5 to matter fields are aligned with the corresponding couplings of the SU (2) doublet in 5 even though we include one higher-dimensional operator to correct fermion masses. The summation over neutrino species conveniently eliminates remaining flavor dependence from the decay widths for p → π +ν and p → K +ν channels through the following identity
Clearly, the lepton mixing matrix does not affect proton decay signatures through scalar exchange. It is also clear that the p → π +ν decay rate is significantly suppressed compared to the p → K +ν one. The suppression factor, as inferred from Eq. (11), is proportional to (m d /m s ) 2 . For the decay widths for p → π +ν and p → K +ν channels we find
where we neglect terms suppressed by either
4 , e iφ = (K 0 ) 11 and we introduce
After we insert all low-energy parameters we find
We take values of quark and lepton masses at M Z , as given in Ref. [11] . The CKM angles are taken from Ref. [12] . Note that our result for the decay widths ratio does not depend on the exact value of the nucleon matrix element and is rather insensitive to the running of relevant operators, quark masses and corresponding mixing parameters. It also does not contain dependence on the extra phase although φ enters individual widths. This ratio can thus be considered as a firm prediction within the framework of the SU (5) theory with the most minimal set of operators that renders the scenario phenomenologically viable. This, again, is rather an unexpected result as any departure from the Georgi-Glashow model usually affects the predictive nature of the original SU (5) setup. It is gratifying to see that the minimal viable SU (5) scenario manages to preserve some of the most salient features [2] of the original proposal [1] . We can also establish a lower limit on the color triplet scalar mass due to experimental constraints on proton stability. The explicit dependence on the unknown phase φ can be easily accommodated. We use the most current constraint-τ p→K +ν > 4.0 × 10 33 years [13] -to obtain the following limits on m in the least (φ = π) and the most conservative 
GeV. (15)
We have only one unknown phase entering decay widths for p → π +ν and p → K +ν . This makes the minimal viable SU (5) a perfect candidate to put the idea of a flavor goniometry through proton decay to the test [14] . The proton decay modes into charged anti-leptons, on the other hand, depend on a priori unknown unitary rotations in the flavor space. This prevents us from making any firm predictions with regard to those channels. That is the reason we do not present analysis of those partial decays here. This, however, does not invalidate the limit on the triplet mass of Eqs. (14) and (15) as the the most constraining limit on the scalar leptoquark mass always originates from the p → K +ν channel in SU (5) [4] framework. In other words, if the scalar exchange dominates over gauge boson exchange with regard to proton decay, a preferred channel is always p → K +ν .
IV. SUMMARY
We show that the most minimal viable SU (5) setup predicts a flavor part of decay widths for p → π +ν and p → K +ν processes due to scalar exchange to depend solely on the known masses and mixing parameters of the quark sector and one extra phase. We accordingly establish an accurate lower limit on the mass of the scalar leptoquark in connection with the current experimental data on proton stability. The bound on the p → K +ν channel constrains the color triplet mass to be slightly above 10
11 GeV. We also show that p → π +ν decay rate is predicted to be two orders of magnitude below the rate for p → K +ν process. This offers a possibility to test the scenario if and when proton decay is observed.
